sinusoidal force [8, 15] , while a more realistic representation of the DSF has been proposed in 23 further studies, with a series of TMDs vertically distributed in various configurations along the 24 height of the building [9, 16] . The performance of DSFs as vibrating masses to control the seismic 25 motion have been investigated by Abtahi et al. [17] , who have compared the response of a building 26 structure in three configurations, namely without DSF and with both fixed and movable DSF, 27 showing that the latter was the most efficient configuration in reducing the structural vibrations. 28 Fu et al. [18, 19] have investigated five configurations of DSF modelled as TMD, comparing their 29 performance in terms of mean-square inter-story drifts under the earthquake loads. In their studies, 30 the two-damper and ten-damper DSF configurations resulted as the best and worst performing 31 systems, respectively, demonstrating the importance of an appropriate design of the DSF, based 32 on structural dynamics considerations. 33 Azad et al. [20, 21] have analysed the DSF to control wind-induced vibrations by modelling it as 34 a TMD excited by a sinusoidal signal with variable frequency.
35
More recently, Palmeri et al. [22] have proposed a preliminary study on the coupled dynamic 36 problem of a DSF attached to a multi-degree of freedom (MDoF) shear-type structure excited by 37 seismic ground motions. The DSF has been modelled as a system of two independent flexible panels, 38 connected to the main structure by elastic links. The design of the panel's stiffness and damping has 39 been approached as a series of numerical optimisation problems, minimising the response of the 40 main structure for various earthquake records, returning multiple optimal sets of design variables.
41
In this paper, an in-depth numerical analysis of this coupled dynamic problem is performed by 42 considering multiple configurations of the DSF, using four distinct design approaches. The DSF is 43 modelled as a set of independent panels, each one studied as a lumped mass system connected to the 44 main structure by elastic springs at the floor levels, and the whole building-DSF system has been 45 analysed considering a set of twenty earthquake records. The design problem aims to determine the 46 optimal flexural stiffness of the DSF panels, the stiffness of elastic links connecting the DSF to the 47 primary structure and the damping of the DSF. Two types of links have been considered depending 48 on their location relative to the panel (external and internal links) which can trigger various dynamic 49 mechanisms. These design variables have been determined by using four distinct optimisation 50 approaches. In the first case, the objective of the optimisation problem is the minimisation of the 51 displacement of the first storey of the primary structure; the latter is directly proportional to the 52 maximum internal forces experienced by a shear-type frame and thus its reduction allows preserving 
PRIMARY STRUCTURE AND DSF COUPLED SYSTEM
A simplified scheme of a multi-storey structure coupled with a DSF is shown in Figure 1 . Without 66 lack of generality, the primary building is modelled as a shear-type frame having equal floor mass 67 m 0 , lateral stiffness k 0 and inter-storey height h, while the viscous damping ratio ζ 0 is assumed to 68 be constant in all the modes of vibration. If the dynamic system is forced by a unidirectional seismic 69 ground acceleration,ẍ g (t), the equation of motion of the building can be written as:
where: x 0 (t) = x 0,1 (t) x 0,2 (t) · · · x 0,n0 (t) is the array collecting the lateral displacements 71 of the main structure; the over-dot means time derivative; n 0 is the number of storeys in the building 72 structure; τ 0 is the location or incidence vector; M 0 , C 0 and K 0 are the mass, damping and stiffness 73 matrices, respectively, and the subscript 0 is used to identify any quantity associated with the primary 74 structure.
75
In this paper, the DSF is considered as a vibration absorber with mass distributed along the height 76 of the primary structure. Various configurations are analysed, with the DSF represented either as a 77 single panel or as a set of N panels linked to the floors of the primary structure by elastic springs.
78
The generic ith panel, with i = 1, 2, . . . , N , is modelled as an elastic beam-like structure, discretised 79 with two-node Euler-Bernoulli beam elements of size h/2 and two static degrees of freedom (DoFs)
80
for each node, namely the lateral displacement x i,j (t) and rotation θ i,j (t) (see Figure 1 ). The mass of all the DSF panels to the total mass of the main building). The effects of the rotational mass 84 in the DSF panel is neglected, meaning that the rotational DoFs can be statically condensed [22] .
85
Accordingly, the coupled system, i.e. primary building and DSF panels, has n tot = 3 n 0 + (N − 1) 86 dynamically significant DoFs (i.e. for each storey, the horizontal translation of the storey mass and 87 of two lamped masses in the panel, plus one DoF for each additional mass at discontinuities between 88 panels). The equations of motion can be written in compact matrix form as:
In Eq. (2), the block vector x(t) = x 0 (t) x 1 (t) · · · x N collects the arrays of the DoFs of 4 G. PIPITONE, G. BARONE AND A. PALMERI damping and stiffness matrices, respectively, and τ is the expanded incidence vector. The mass 92 matrix M can be written in the following block form: 
where: K 0 is the stiffness matrix of the primary structure;K i , with i = 1, . . . , N , is the statically- will be named α-type and β-type springs, respectively).
104
The damping matrix C of the coupled building-DSF system has been obtained by assuming that 
in which Γ is a convenient transformation matrix and Ξ collects the modal damping coefficients :
in which: ζ P is the viscous damping matrix of the DSF panels, assumed to be the same for all the N 109 panels; the square matrices 
with the normalisation condition Φ i · M i · Φ i = I ni , while, for 1 ≤ i ≤ N , the modal influence 113 matrix Ψ i can be evaluated as:
3. DSF OPTIMISATION CRITERIA
The optimal design of DSFs as vibration absorbers is not straightforward as, for a given primary 115 building structure and a given mass ratio µ, the dynamic performance depends on the chosen 5 configuration (i.e. number of DSF panels, N ), the structural parameters of panels and links (ν, 
where t eq is the duration of the earthquake record, and thus 0 ≤ H(t) ≤ 
that is, t tr is the time required for the seismic response of the main structure in its fundamental 
Displacement-based vs acceleration-based optimisation

134
The structural integrity of the primary system is dependent on the amount of internal forces 135 acting on its members. In particular, assuming a shear-type frame model, the maximum internal
136
forces are proportional to the displacements of its first storey, i.e. the relevant EDP (engineering 137 demand parameter) is y(t) = x 0,i (t). Hence, the first proposed optimisation approach is based on 138 the following objective functions:
where σ(x 0,1,ER ) C and σ(x 0,1,ER ) U are the standard deviations of the displacements of the first 140 storey of the primary structure due to the eth earthquake record, with and without the attached DSF, 141 respectively (i.e. controlled and uncontrolled structure).
142
Since the function J 1,ER is calculated for each earthquake, a different set of design variables 143 is obtained for each accelerogram. While this approach guarantees the best DSF performance for 144 a given record, nothing can be said on the performance of the DSF for a different excitation.
145
Nevertheless, this approach can be used to observe the variations of the optimal design parameters 146 when the external excitation changes.
147
The second objective function has been defined as the average of J 1,ER for a number n ER of 148 recorded accelerograms. Since the coupled building-DSF structure is linear, then:
This corresponds to minimise the sum of the standard deviations of the structural response to the 150 selected earthquakes, normalising them so that the standard deviation of the uncontrolled response 151 is constant. 
4. NUMERICAL APPLICATIONS
In this section, the design optimisation for the six-storey building model depicted in Figure 2 159 is presented (n 0 = 6). The main structure has fundamental period of vibration T 0,1 = 2π/ω 0,1 = 160 0.582s and viscous damping coefficient ζ 0 = 0.02. Effects of soil-structure interaction (e.g. (c) three panels (N = 3), the lowest one hinged to the ground;
171
(d) six panels (N = 4), one per storey, the lowest one hinged to the ground.
172
For each of the four configurations, the displacement-based and acceleration-based objective functions J k proposed in Section 3.1 have been minimised using the PSO algorithm [28-30], considering the twenty earthquake records reported in Table I ; this corresponds to a total number of 4 × 2 × (20 + 1) = 168 optimisation problems. Each of them can be formally written as:
Find: ν , α , β , ζ P ;
To minimise:
Such that: Table IV . Again, it can be observed that the four configurations have similar effectiveness (i.e. In all cases, the major effect of the DSF is to reduce the magnitude of the peak of the 
Acceleration-based optimisation
212
A similar methodology has been applied for the objective functions J 3,ER and J 4 , defined in terms Config.
(a) 13. 
EFFECTS OF LINK DESIGN ON DSF PERFORMANCE
The results of the numerical investigations reported in the previous section have revealed great on the first mode of the main structure; however, configurations with multiple panels (in particular,
277
spanning two or three storeys) can also have an effect on the higher modes.
278
Finally, an in-depth analysis of the link "optimal" design has been conducted. It has been observed 279 that an effective design implies either to consider all springs with equal stiffness (with a consequent 280 translational motion of the panel itself), or to have external (or internal) springs significantly stiffer 281 than the remaining ones, which would then result in a concentration of the vibration.
282
The application of the proposed design approach entails the following steps:
283
• Based on the requirements of relevant building codes and existing hazard maps, a set of 284 earthquake records should be selected for the numerical analyses. In this work, 20 earthquake 285 records have been considered, however the amount of available historical records could be 286 different for each considered case, depending on existent data bases.
287
• An appropriate objective function has to be defined, depending on the considered limit 
293
• The minimisation of the objective function can be achieved using any adequate optimisation 294 algorithm. The authors have considered both Genetic Algorithms (GAs) and Particle Swarm
295
Optimisation (PSO) in the past (the latter resulting slightly more efficient than the former).
296
However, other optimisation techniques are available in literature and can be used instead.
297
• DSF layouts can be selected based on physical and technological constraints. Based on the 298 outcomes of the case-study structure analysed in this paper, configurations with multiple 299 panels seem to be more effective and able to resonate with multiple vibration modes.
300
• Numerical analyses on the sensitivity of the problem with respect to the link stiffness Future analyses will be carried out to study the effectiveness of DSFs as vibration absorber under 307 wind excitation and for building layouts with irregularities both in plan and in elevation. 
